To study apoptosis as a functional pathway in mature spermatozoa and apoptosis correlated to the acrosome reaction via the intracellular calcium concentration, semen samples from 27 healthy human donors were treated with inducers of apoptosis (betulinic acid, thapsigargin), inducers of the acrosome reaction (thapsigargin, calcium ionophore) or hydrogen peroxide to produce reactive oxygen species with and without prior incubation with a calcium chelator. Computer-assisted sperm analysis, flow cytometry, and transmission electron microscopy were performed to analyze changes in the acrosomal status and in apoptotic features. Betulinic acid, thapsigargin, and the calcium ionophore treatment resulted in an increased number of sperm cells with caspase 9 and caspase 3 activation, disrupted mitochondrial membrane potential, and a reacted acrosome. Sperm motility was decreased in all cases. Transmission electron analyses showed ultra-morphological changes, such as membrane integrity, membrane blebbing, the formation of head vacuoles, defects of the nuclear envelope, nuclear fragmentation, and the acrosome reaction. Acrosome reaction and apoptotic features decreased due to the reduction in intracellular calcium by the calcium chelator NP-EGTA, AM. Therefore, apoptotic cell death in acrosome-reacted sperm cells mediated by high intracellular calcium levels is possible.
INTRODUCTION
How do sperm cells die? While necrosis as a type of cell death without the need for energy is always possible, apoptosis as programmed cell death is a different option that has been the subject of controversy for many years. Their compartmental anatomy, highly condensed chromatin, small cytoplasm, and the inability for cytoplasmic translation due to lack of ribosomes (Steger, 2001; Grunewald et al., 2005a,b; Gur & Breitbart, 2008) differentiate spermatozoa from somatic cells. Therefore, it is not possible to directly transfer somatic intracellular pathways to spermatozoa, and apoptosis signaling in these special cells needs to be investigated. However, numerous studies have already shown the existence, induction and full functionality of apoptotic-signaling pathways in human spermatozoa (Grunewald et al., 2001; Wundrich et al., 2006) .
Apoptosis is more frequently seen in immature sperm cells as a result of failed spermatogenesis, but it has been shown that apoptosis can be induced in mature spermatozoa using betulinic acid (Grunewald et al., 2016) . Apoptosis also occurs following external damage, for example, after cryopreservation and thawing. Early studies of the apoptotic-signaling cascade demonstrated autoactivation of caspases within hours after ejaculation (Paasch et al., 2004a) . Under simulation of a physiological sperm environment (stimulation of capacitation and incubation at 5% CO 2 at 37°C), sperm apoptosis signaling is inactivated (Grunewald et al., 2009a) .
Activation of apoptosis signaling has a significant negative impact on the fertilization potential of spermatozoa. For example, activation of the effector caspase (CASP) 3 is associated not only with impaired sperm motility and morphology (Aziz et al., 2007) but also with the reduced ability of spermatozoa to undergo capacitation and oocyte penetration. Therefore, changes that are typical of apoptosis significantly reduce oocyte fertilization rates of spermatozoa (Grunewald et al., 2008 (Grunewald et al., , 2009b . Beyond the pathophysiological role of sperm apoptosis in male infertility, however, programmed cell death might have a physiological function in male gametes after ejaculation in the female reproductive tract.
A recent small pilot study on spermatozoa from three donors systematically investigated the ultra-morphological signs of sperm apoptosis using transmission electron microscopy (TEM) and these signs are defined as follows: blebbing of the plasma membranes, formation of apoptotic bodies, impairment of mitochondria, nuclear fragmentation, and defects of the nuclear envelope (Grunewald et al., 2016) . Interestingly, higher numbers of spermatozoa that underwent the acrosome reaction were observed after the induction of apoptosis. To clarify the physiological importance of sperm apoptosis after ejaculation and, in particular, its relationship to the sperm acrosome reaction, flow cytometric analyses and TEM were performed after the exposure of spermatozoa to a variety of stimulators of apoptosis and/or the acrosome reaction and high levels of oxidative stress.
Both apoptosis and the acrosome reaction are known to be calcium (Ca ++ )-dependent processes. To identify the underlying relationship between the acrosome reaction and sperm apoptosis and intracellular Ca ++ levels, these experiments were repeated under modulation of intracellular Ca ++ levels.
MATERIALS AND METHODS

Ethics
This study was approved by the ethical committee of the University of Leipzig, Germany (No. 136-10-31052010 ) and performed according to the Declaration of Helsinki. Informed consent was given by each donor.
Experimental design
Semen samples were obtained from 27 healthy donors following a period of 3-5 days of sexual abstinence. Semen analyses were performed according to the World Health Organization guidelines (WHO 2010). Color, consistency, volume, and pH of the ejaculate were determined. Sperm motility was assessed by a computer-assisted sperm analyzer (CASA, vide infra). Sperm concentration was determined by a Neubauer hemocytometer and checked by CASA. Sperm vitality was investigated by eosin staining. Samples with ≥15 9 10 6 spermatozoa/mL and at least 50% progressive sperm motility were selected for this study. Pretests were performed to determine the optimal concentrations and incubation times of all inducers that were necessary to induce sperm apoptosis and/or the acrosome reaction. All 27 semen samples were prepared with discontinuous density gradient centrifugation (ISolate, Irvine Scientific, Santa Ana, CA, USA) as described in Grunewald et al. (2016) . The first 10 samples were incubated with inducers and analyzed via flow cytometry. Aliquots of the same 10 samples were analyzed by TEM to investigate ultra-morphological changes as described previously Grunewald et al. (2016) . For TEM, aliquots of each treated sample and the respective controls were stored under physiological conditions (37°C, 5% CO 2 ) in human tubal fluid medium with Gentamicin (HTF, Irvine Scientific) for 6 h prior to preparation (modulation period). The ultra-morphological appearance of 50 spermatozoa and 200 mitochondria was studied for each aliquot.
Seventeen of the 27 samples were used for chelator experiments (see below). The left panel of Figure S1 provides an overview of the experimental design.
Induction of apoptosis and/or the acrosome reaction and oxidative stress
Betulinic acid (EnzoLifeScience, L€ orrach, Germany), a pentacyclic triterpenoid, was used to induce mitochondria-derived apoptosis by cytochrome C and caspases (Dathe et al., 2005; Grunewald et al., 2005b) . It was dissolved in dimethylsulfoxide (DMSO) to obtain a 10 mM stock solution. To induce apoptosis, washed spermatozoa were treated with 100 lM betulinic acid for 30 min at 37°C in the dark (Grunewald et al., 2016) .
Thapsigargin (Sigma-Aldrich, Munich, Germany), a plant metabolite, selectively inhibits sarcoplasmic/endoplasmic reticulum Ca ++ -ATPase (SERCA), which actively pumps Ca ++ ions into intracellular stores (Rogers et al. 1995) . It is known to induce apoptosis in somatic cells and the acrosome reaction in spermatozoa (Williams & Ford, 2003; Doan et al., 2015) . In this study, 50 lM thapsigargin was used to investigate the induction of apoptosis and the acrosome reaction after an increase in the intracellular Ca ++ concentration.
Calcium ionophore A23187 (Sigma-Aldrich), a cell-permeable pharmacological agent that binds and transports Ca ++ into cells (Reed & Lardy, 1972; Chaney et al., 1974 Chaney et al., , 1976 , was used to induce the acrosome reaction (Martin et al., 2005; Sosa et al., 2016) . Right before use, a frozen aliquot of working solution of A23187 in DMSO was diluted 1 : 5 with HTF medium (Grunewald et al., 2006) . The optimal concentrations were 150 lM A23187 diluted with HTF medium and a final concentration of 1200 lM Ca ++ .
To induce oxidative stress, washed spermatozoa were exposed to hydrogen peroxide (H 2 O 2 ). A concentration of 250 lM H 2 O 2 was determined to be suitable for oxidative stress stimulation.
Impact of intracellular calcium depletion by the chelator NP-EGTA, AM
To study the role of intracellular Ca ++ in sperm apoptosis and the acrosome reaction, the UV-labile and cell-permeable acetoxymethyl ester of o-Nitrophenyl-EGTA (NP-EGTA, AM, Life Technologies, Darmstadt, Germany) was used. After cell entry, the AM group is cleaved by intracellular esterases, Ca ++ binding leads to NP-EGTA-Ca ++ complexes (1 : 1) and a depletion of free intracellular Ca ++ . Due to the low water solubility of the chelator, Pluronic-F127 (Life Technologies) was added to insure efficient loading of cells with the chelator.
Before treatment with the chelator, mature sperm cells were capacitated according to Grunewald et al. (2006) . The cytosolic Ca ++ concentration of capacitated spermatozoa is approximately 100-200 nM (Brewis et al., 2000; Bar on et al., 2016) . To test for the optimal concentration of the chelator, two aliquots of 7 9 10 6 mature capacitated spermatozoa/mL were incubated with 10 and 50 lM NP-EGTA, AM 0.1% Pluronic-F127 for 20 min in the dark. Samples were washed with PBS to stop the reaction.
To investigate a possible correlation of the acrosome reaction and the induction of apoptosis on the intracellular Ca ++ level, mature capacitated sperm cells were incubated with 10 lM chelator (described above) and then with the respective inducers for 15 min at 37°C in the dark, irradiated with UV light twice for 45 sec to destroy the chelator and incubated again for 5 min. Because mature capacitated spermatozoa reacted differently to the inducers than mature non-capacitated sperm cells, the concentrations of the chemicals determined in pre-tests were as follows: 150 lM betulinic acid, 20 lM thapsigargin, 50 lM calcium ionophore with 20 lM Ca ++ , and 2 mM H 2 O 2 . To stop the reaction, samples were washed twice with PBS. The effects on the cells were measured by CASA and flow cytometry. The right panel of Figure S1 provides an overview of the experimental design using the Ca ++ chelator.
336 Andrology, 2018, 6, 335-344 Monitoring the mitochondrial membrane potential The lipophilic cationic dye JC-1 (5,5 0 ,6,6 0 -tetrachloro-1,1 0 ,3,3 0 -tetraethylbenzimidazolyl carbocyanine iodide, DePsipher, Trevigen Inc., Gaithersburg, MD, USA) was used to detect intact transmembrane potential of mitochondria (MMP) in spermatozoa according to the manufacturer's instructions. Briefly, all aliquots were incubated with 2.5 lg of JC-1 diluted in 1 mL 19 reaction buffer at 37°C for 20 min in the dark. After two washing steps with 19 reaction buffer and centrifugation for 5 min at 300 g, sperm cells were measured by flow cytometry. Spermatozoa with intact mitochondria showed an intense red fluorescence (emission at 590 nm) due to the formation of dye aggregates, whereas the fluorescence of the monomer was green (emission at 527 nm) in the presence of a disrupted MMP.
Detection of activated CASP3 and CASP9
Sperm cells with activated CASP3 and CASP9 were detected by using the fluorescein-labeled inhibitor peptides, FAM-DEVD-FMK of CASP3 (FLICA 3) and CASP9 (FLICA 9), according to Grunewald et al. (2016) .
Evaluation of the acrosomal status
The amount of acrosome-reacted spermatozoa in each aliquot was detected using a monoclonal FITC-labeled mouse antihuman CD46 antibody (Bio-Rad AbD Serotec Inc., Pulheim, Germany) according to Grunewald et al. (2016) .
Computer-assisted sperm analysis
Computer-assisted sperm analyzer was performed with an IVOS sperm analyzer (Hamilton Thorne, Beverly, MA, USA) to determine the sperm concentration and motility of spermatozoa.
Flow cytometry
The parameters, including disrupted MMP, activated CASP3 and CASP9, DNA fragmentation (TUNEL), plasma membrane defects (PI), and acrosome-reacted spermatozoa (CD46 + ), were evaluated using the MACSQuant Analyzer (Miltenyi Biotec, Bergisch Gladbach, Germany) as described in Grunewald et al. (2016) .
Statistical analysis
Statistical analyses were performed using GRAPHPAD PRISM 6 (GraphPad Software, Inc., La Jolla, CA, USA). Normal distributions were verified by the D'Agostino&Pearson omnibus normality test. For normally distributed data, unpaired t-tests were performed. Non-normally distributed data were compared by the Mann-Whitney test. The results are expressed as the mean AE SD. Spearman's rank correlation coefficients to study the association between sperm parameters were calculated and tested against a null hypothesis of zero. Significance was indicated by p < 0.05.
RESULTS
Effect of mitochondria-mediated apoptosis stimulation with betulinic acid
Betulinic acid-induced activation of the apoptotic-signaling cascade significantly increased disrupted MMP, spermatozoa with activated CASP3 and CASP9 and acrosome reaction (CD46 + spermatozoa) compared to control cells. Concordantly, spermatozoa incubated with betulinic acid for 30 min developed distinct ultra-morphological signs of apoptosis within 6 h. Significantly more cells showed membrane blebbing, the formation of apoptotic bodies, sperm head vacuoles, impaired mitochondrial integrity, nuclear fragmentation, and defects of the nuclear envelope. Furthermore, TEM analysis of the sperm acrosome confirmed a significant increase in acrosome-reacted spermatozoa due to mitochondria-mediated apoptosis (+46%) compared to controls. This value was considerably higher than the value detected by flow cytometry (CD46 + cells, +11.7%), which might be due to the 6-h modulation phase before the TEM sperm preparation.
Effect of thapsigargin-mediated increases in intracellular calcium levels Treatment of spermatozoa with thapsigargin led to a stronger increase in individual apoptotic features compared to betulinic acid. The amount of spermatozoa with a disrupted MMP, activated caspase cascade, and reacted acrosome was significantly higher compared to controls.
Transmission electron microscopy analysis revealed significant changes in typical ultra-morphological signs of apoptosis, such as impaired mitochondrial integrity, mitochondria with accumulated content, membrane blebbing, apoptotic bodies, head vacuoles, defects of the nuclear envelope, and nuclear fragmentation, compared to controls. As expected, the percentage of acrosome-reacted spermatozoa was very high (+80%).
Effect of calcium ionophore-mediated increases in intracellular calcium levels
Incubation with the calcium ionophore A23187 had the strongest impact on sperm apoptosis signal transduction. The calcium influx significantly increased the number of spermatozoa with disrupted MMP, activated caspases, and reacted acrosomes. The aforementioned stimulation of apoptosis signaling became visible ultra-morphologically. A significant increase in impaired mitochondrial integrity, nuclear fragmentation, defects of the nuclear envelope, and the amount of acrosome-reacted spermatozoa were observed with TEM. The percentage of spermatozoa with head vacuoles was significantly increased, consistent with thapsigargin and betulinic acid treatment. Interestingly, the phenomenon of mitochondria with accumulated content, which was low in thapsigargin-treated spermatozoa (+6.8%), was observed in approximately 1/3 of all mitochondria after incubation with A23187.
The amounts of spermatozoa with membrane blebbing and the formation of apoptotic bodies were higher compared to controls, but the differences were not significant.
Effect of high levels of oxidative stress on sperm cells
Even high concentrations of H 2 O 2 only led to a slight increase in sperm apoptosis signaling and the acrosome reaction. The same was true at the ultra-morphological level. Although typical membrane blebbing was not induced, fissures at the plasma membrane were frequently seen in H 2 O 2 -treated sperm aliquots.
For graphical description and detailed statistic results of all experiments, please see Figs 1 & 2 as well as Table S1 .
Correlation analyses
Sperm motility and flow cytometric parameters with ultra-morphological features of cell death Sperm motility was strongly negatively correlated to activated apoptosis signaling and ultra-morphological signs of apoptosis (Table 1) . Activation of the apoptotic-signaling cascade was always strongly positively correlated to ultra-morphological changes with few exceptions.
Acrosomal status measured by flow cytometry and transmission electron microscopy
The data presented in Table 2 were obtained by flow cytometry (CD46 + ) and TEM. Although the amount of CD46 + spermatozoa was significantly lower than the amount of acrosomereacted spermatozoa observed by TEM, both parameters had a strong positive correlation (R = 0.74, p < 0.001). The difference in the absolute values probably stems from the different time intervals between sperm treatment and measurement (30 min for CD46, 6 h for TEM).
Sperm apoptosis parameters and acrosomal status Analyses revealed a strong positive correlation between the activation of the acrosomal reaction, the activation of the apoptotic-signaling cascade, and the induction of ultra-morphological changes in sperm cells (see Table 3 ). The correlation coefficients were positively significant for both methods of determining the acrosomal status and differed only slightly with respect to the parameters of the apoptotic-signaling cascade activation and TEM analysis.
Impact of Ca
++ reduction on mature capacitated spermatozoa
As shown in Fig. 3 , Ca ++ reduction in mature capacitated sperm cells by the chelator NP-EGTA, AM, had a concentration-dependent influence on early (MMP disruption, CASP9/ CASP3 activation) as well as late apoptotic features (PI) and on the initiation of the acrosome reaction (CD46). While treatment with 10 lM showed no or only mild effects, 50 lM led to apoptosis induction in approximately 50% of the spermatozoa and was therefore excluded from further experiments. Incubation with 10 lM and irradiation with UV light, which leads to chelator destruction and a sudden increase in intracellular Ca ++ , enhanced apoptotic features more than incubation with chelator only. However, there Graphs were plotted by the software GRAPHPAD PRISM 6 (GraphPad Software, Inc., La Jolla, CA, USA). Significance is shown as *p < 0.05, **p < 0.01 and ***p < 0.001. For exact results and statistics, please see Table S1 .
338 Andrology, 2018, 6, 335-344 Significance is shown as *p < 0.05, **p < 0.01 and ***p < 0.001. For exact results and statistics, please see Table S1 . Sperm motility was determined by light microscopy. For all analyses, samples from the same 10 donors were combined for statistics. Positive and negative correlations are printed in bold. Spearman rank coefficients were calculated by the software GRAPHPAD PRISM 6 (GraphPad Software, Inc., La Jolla, CA, USA).
was no impact on the DNA fragmentation level (TUNEL) in either case.
Ca ++ reduction and the initiation of mitochondrial-driven apoptosis by betulinic acid
The reduction in intracellular Ca ++ by NP-EGTA, AM, and subsequent incubation with betulinic acid led to a significant reduction in spermatozoa with a disrupted MMP, damaged membranes (PI), and activated acrosome reaction (CD46).
Activation of CASP9 and CASP3 was also lower compared to treatment with betulinic acid alone (Fig. 4) . Again, this treatment had no impact on the DNA fragmentation level. Correlation analyses revealed a strong correlation between the caspases and between PI and CD46 (data not shown).
The destruction of the chelator by UV resulted in an even lower activation of the caspase cascade compared to betulinic acid alone or with the chelator. Inductions of the other parameters were halted by the sudden increase in intracellular Ca ++ .
Ca ++ reduction and the initiation of ER-driven apoptosis by thapsigargin In comparison with the exclusive incubation of mature capacitated sperm cells with thapsigargin, Ca ++ reduction by NP-EGTA, AM, and subsequent incubation with thapsigargin led to a significant inhibition of all biochemical apoptosis features except for the DNA fragmentation level (Fig. 4) . Correlation analyses demonstrated a positive correlation of all markers of apoptosis as well as a correlation of the activation of acrosome reaction with apoptotic features (data not shown).
The increase in intracellular Ca ++ by the destruction of the chelator effectively stopped the influence of thapsigargin.
Ca ++ reduction and the initiation of a Ca ++ -driven apoptosis by calcium ionophore Intracellular Ca ++ reduction by NP-EGTA, AM, and subsequent incubation with calcium ionophore led to a slight but significant inhibition of the activation of CASP9 and CASP3 as well as to a Figure 3 Impact of the UV-labile Ca ++ chelator o-nitrophenyl-EGTA on early (MMP disruption, CASP9 and CASP3 activation) and late apoptotic features (DNA fragmentation, PI positivity) and the induction of the acrosome reaction (CD46) of mature capacitated spermatozoa from healthy donors (n = 17). Two different concentrations of chelator were used. Experimental details are described in the Materials and Methods section. Data are shown as bar graphs representing mean + SD. Graphs were plotted by the software GRAPHPAD PRISM 6 (GraphPad Software, Inc., La Jolla, CA, USA). Significance is shown as **p < 0.01, and ***p < 0.001. TEM, transmission electron microscopy. For all analyses, samples from the same 10 donors were combined for statistics. Positive and negative correlations are printed in bold. Spearman rank coefficients were calculated by the software GRAPHPAD PRISM 6 (GraphPad Software, Inc., La Jolla, CA, USA).
340 Andrology, 2018, 6, 335-344 highly significant reduction in activated acrosome reaction (CD46) compared to incubation with calcium ionophore alone (Fig. 4) . The PI measurement might be affected by a PI influx through pores made by the ionophore. Correlation analyses (data not shown) only revealed a correlation of both activated caspases but not of any other apoptosis marker. However, there was a strong correlation of apoptosis markers (caspases, DNA fragmentation) with CD46, which implies a connection between the apoptotic-signaling pathways and the acrosome reaction.
UV irradiation of spermatozoa incubated with the chelator and A23187 significantly inhibited MMP disruption only compared to incubation with A23187 alone or in combination with NP-EGTA, AM.
Ca
++ reduction and the initiation of a Ca ++ -driven apoptosis by oxidative stress As shown in Fig. 4 , oxidative stress represented by incubation with 2 mM H 2 O 2 in combination with Ca ++ reduction led to reduced MMP disruption only. There was no change in the activation of the acrosome reaction or in the activation of the caspase cascade.
DISCUSSION
In this study, mature spermatozoa from healthy men were incubated with inducers of apoptosis (betulinic acid and thapsigargin) and inducers of the acrosome reaction (thapsigargin and calcium ionophore) and were also exposed to oxidative stress (H 2 O 2 ). The signaling cascades and sperm ultra-morphology were monitored and provided new insights into the relationship of the acrosome reaction and apoptosis of spermatozoa.
Stimulation of the apoptotic-signaling cascade by different mediators resulted in defined changes in sperm ultra-morphology, some of which have already been described in somatic cells (reviewed in Elmore, 2007) . These results are consistent with previous studies that report the induction of the apoptotic-signaling cascade in sperm cells following a variety of triggers, for example, cryopreservation and thawing (Pena et al., 2003; Martin et al., 2004; Paasch et al., 2004a; Grunewald et al., 2005b) .
Betulinic acid was shown to be an inducer of apoptosis in somatic cells in earlier studies and proved to be an apoptosisinducing molecule in ejaculated human sperm cells (Grunewald et al., 2016) . Betulinic acid causes a collapse of the MMP, which leads to an efflux of cytochrome c, Ca ++ , and ROS into the cytosol (Paasch et al., 2004b; Dathe et al., 2005; Bejarano et al., 2008 *** *** Figure 4 Impact of inducers of apoptosis (betulinic acid and thapsigargin), inducers of the acrosome reaction (thapsigargin and calcium ionophore A23187), and exposure to oxidative stress in combination with Ca ++ reduction by the Ca ++ chelator o-Nitrophenyl-EGTA (NP-EGTA, AM, 10 lM) without and with UV irradiation on early (MMP disruption, CASP9 and CASP3 activation) and late apoptotic features (DNA fragmentation, PI positivity) and the induction of the acrosome reaction (CD46) of mature capacitated spermatozoa of healthy donors (n = 17). Experimental details are given in the Materials and Methods section. To show the effect of the inducers, the data are presented in relation to controls (Fig. 3, 10 lM chelator, 10 lM chelator + UV) and are shown as bar graphs representing mean + SD. White bars represent controls with inducers only, whereas gray and black bars show the results of the coincubation with the chelator and chelator + UV, respectively. Graphs were plotted by the software GRAPHPAD PRISM 6 (GraphPad Software, Inc., La Jolla, CA, USA). Significance is shown as */°p < 0.05, **p < 0.01, and ***/°°°p < 0.001.
CASP3, which has been described as essential for mitochondrialdriven apoptosis (Hengartner, 2000) . In the present study, increased activation of CASP9 and 3 following betulinic acid, thapsigargin, and calcium ionophore treatment was observed, and a highly significant correlation was found for CASP9 and 3. Furthermore, induction of mitochondrial-driven apoptosis pathway due to increasing Ca ++ induced by thapsigargin and calcium ionophore is also possible (for details, see Demaurex et al., 2009) . Therefore, it can be concluded that mature spermatozoa are able to undergo apoptosis via Ca ++ -mediated pathways independent of the Ca ++ source. This has already been shown for somatic cells (Mattson & Chan, 2003) . Betulinic acid and thapsigargin are inducers of apoptosis, and the calcium ionophore is a known inducer of the acrosome reaction. All of these inducers triggered (i) the activation of the apoptosis cascade leading to typical ultra-morphological signs of apoptosis and (ii) the initiation of the acrosomal reaction; thus, a combination of apoptosis and the acrosome reaction in mature spermatozoa is assumed. The activation of the apoptosis cascade is necessary for the sperm degradation after the acrosome reaction without fertilization, and the initiation of the acrosomal reaction prevents fertilization by damaged spermatozoa. The link between both mechanisms could be the intracellular Ca ++ concentration. It is known that a Ca ++ increase is relevant for different pathways of the apoptotic cascade in somatic cells (Furuya et al., 1994; Morales-Hernandez et al., 2012) . In sperm cells, a specific Ca ++ influx has been shown to cause the activation of the acrosome reaction (Alasmari et al., 2013; Sosa et al., 2016) .
To elucidate the role of Ca ++ in this context, mature capacitated spermatozoa were incubated with the Ca ++ chelator NP-EGTA, AM. Whereas 10 lM only had a mild effect, higher concentrations of NP-EGTA, AM (50 lM), were a massive stress for capacitated spermatozoa, and initiated apoptosis and the acrosome reaction simultaneously. A co-incubation of the chelator (10 lM) with betulinic acid, thapsigargin, and calcium ionophore inhibited these processes. There, the activation of apoptosis and the acrosome reaction seems to be connected via changes in the intracellular Ca ++ concentration. However, the activation of the caspase cascade is only reduced and not prevented completely. This demonstrates a cytochrome c-driven mitochondrialinduced apoptosis for mature capacitated spermatozoa that initiates the activation of the caspase cascade. The induction of ROS by hydrogen peroxide did not have an effect on the acrosome reaction or on the induction of the apoptotic-signaling cascade in mature human spermatozoa. Typical ultra-morphological signs of apoptosis were also missing. This could be due to efficient antioxidant protection mechanisms of mature spermatozoa that save the cells from damage due to ROS (Sies et al., 1992; Tavilani et al., 2008; O'Flaherty & de Souza, 2011; Bejarano et al., 2012) .
The only parameter that was not altered by any stimulator was DNA fragmentation. It is possible that the mechanism underlying mitochondrial-driven apoptosis is only partially developed in spermatozoa. Furthermore, DNA in spermatozoa is mainly protamine-bound (Tanphaichitr et al., 1978) and therefore packed tighter than in somatic cells. This might prevent DNA fragmentation to some degree. Other explanations for the absence of DNA fragmentation could be the high compartmentalization of spermatozoa, which leads to a local separation of proteins (Baker et al., 2013) , low concentrations of inducers, or an insufficient incubation time. Additionally, usage of the TUNEL assay to detect DNA fragmentation is controversial, as it only determines single and double strand breaks by labeling 3 0 -OH ends of DNA. Oxidation of guanine is a well-known type of DNA damage due to ROS, which results in 8-hydroxy-2 0 -deoxyguanosine adducts (Kodama et al., 1997) . In human spermatozoa, this special DNA damage cannot be detected with the TUNEL method due to an incomplete repair mechanism that does not result in 3 0 -OH ends (Smith et al., 2013) .
The data presented here constitute fundamental evidence for inducible apoptotic processes in ejaculated mature human spermatozoa. They demonstrate different apoptotic-signaling pathways leading to the same ultra-morphological changes in stimulated mature spermatozoa. Furthermore, a timeline of ultra-morphological changes in programmed cell death in spermatozoa can be drawn. The reported impaired mitochondrial integrity is followed by blebbing of the plasma membrane and the appearance of head vacuoles. These ultra-morphological changes show the strongest alterations and represent early apoptotic events. In contrast, defects of the nuclear envelope and nuclear fragmentation (as late apoptotic events) show much lower changes after 6-h incubation. This conclusion is confirmed by the respective correlation analyses.
Only ultra-morphologic monitoring of sperm morphology definitely proves apoptotic cell death; however, it is a very timeconsuming procedure and not suitable as a routine sperm apoptosis marker. Although activation of caspase 3 and caspase 9 accompanies acrosome reaction, the active proteases lead to sperm apoptosis as demonstrated in the correlation analyses. Therefore, it might be used as a routine parameter for (acrosome-reacted) spermatozoa undergoing apoptosis.
In a nutshell, this study contradicts the theory of a sole abortive apoptosis process in human spermatozoa (Sakkas et al., 2003) and demonstrates that acrosome-reacted spermatozoa are able to undergo apoptosis mediated by changes in the intracellular Ca ++ concentration.
SUPPORTING INFORMATION
Additional Supporting Information may be found in the online version of this article: Figure S1 . Overview of the experimental design. Table S1 . Overview of the descriptive statistic results of sperm motility combined with parameters of apoptosis signaling cascade and ultra-morphological features of cell death by ejaculated mature sperm cells after stimulation with inducers of apoptosis (betulinic acid and thapsigargin), inducers of acrosome reaction (thapsigargin and Calcium ionophore) as well as exposition to oxidative stress (H 2 O 2 ) and non-treated controls.
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